RNA helicase A (RHA) is a multifunctional protein with established roles in chromatin regulation. The protein is conserved in worms, Drosophila, and mammals, but its role in worms has not been previously studied. We found that a deletion mutant lacking rha-1 has a temperature-sensitive defect in germline transcriptional silencing, consistent with RHA-1 having a function in transcription regulation. Transcriptional desilencing in these rha-1(tm329) mutants was associated with a loss of lysine 9 methylation on histone H3 that is normally associated with silenced chromatin. Other histone modifications are also mis-localized in the germ cells in the mutants. These defects in histone modifications suggest that there is a general transcription regulation defect in the mutant worms that results in a temperature-sensitive sterile phenotype. At the restrictive temperature, the extent of germ cell mitoses is reduced, and the mutants are sterile due to defects in meiosis and gametogenesis. Our results suggest that RHA-1 is a conserved transcription regulation protein that controls germline proliferation and development in C. elegans.
Introduction
The C. elegans germline is an attractive model system for studying germ cell proliferation, gametogenesis, and basic cellular processes such as the control of mitosis and meiosis (Schedl, 1997; Seydoux and Schedl, 2001) . Transcriptional silencing is an important process required for early germline development in some organisms (Leatherman and Jongens, 2003) . In C. elegans and Drosophila, germline precursor cells are transcriptionally inactive (Lamb and Laird, 1976; Zalokar, 1976; Seydoux and Fire, 1994; Seydoux et al., 1996; Seydoux and Dunn, 1997; Leatherman et al., 2002) . In C. elegans a CCCH Zn finger protein, PIE-1, interferes with modifications of the RNAP II C-terminal domain (CTD) associated with transcription elongation preventing nascent mRNA production in embryonic germ cells Komarnitsky et al., 2000; Zhang et al., 2003) . In Drosophila, the proteins germ cell-less, nanos, and pumilio and the non-coding RNA polar granule component are all required for transcription repression in the germline precursor pole cells (Asaoka et al., 1998; Asaoka-Taguchi et al., 1999; Deshpande et al., 1999; Leatherman et al., 2002; Martinho et al., 2004) .
Embryonic germ cells in both organisms maintain a condensed chromatin structure and lack methylated lysine 4 on histone H3 (H3meK4), consistent with transcription repression (Schaner et al., 2003) . Post-embryonic germline function also involves, and perhaps requires, transcriptional repression. A predominant target of this repression in adult worms is the X chromosome, which is silenced throughout much of the germline in both sexes (Fong et al., 2002; Kelly et al., 2002; Reuben and Lin, 2002) . Specifically, the hermaphrodite and male X chromosomes lack or have reduced levels of activating histone modifications, such as acetylation on lysines 8, 12, and 16 on histone H4 (H4acetylK8, 12, 16, respectively) and methylation of lysine 4 of histone H3 (H3meK4). In contrast, the unpaired X chromosome in males is enriched for methylated lysine 9 on histone H3 (H3meK9), a modification associated with inactive chromatin, during meiosis.
A useful reporter system for germline transcriptional silencing involves tandemly repeated copies of transgenes in repetitive extrachromosomal arrays that are silenced in the germline (Kelly et al., 1997; Kelly et al., 2002) and heavily modified with H3meK9 (Fong et al., 2002; Kelly et al., 2002; Reuben and Lin, 2002) . Transgene silencing is mediated by factors that regulate X chromatin assembly, as evidenced by strong similarities between the histone modification spectra of both (Kelly et al., 2002) . Furthermore, mutations that affect transgene silencing overlap with those that affect X chromosome regulation (Kelly and Fire, 1998; Fong et al., 2002) . Mutations in chromatin-modifying factors, such as worm Polycomb Group genes (e.g., mes-2) and heterochromatin assembly factors (e.g., hpl-2), cause trangene arrays to be desilenced (Kelly and Fire, 1998; Couteau et al., 2002) . HPL-2, MES-2, and other maternal effect sterile (MES) proteins are also required for normal germline development (Capowski et al., 1991; Couteau et al., 2002) .
In this paper, we identify RNA helicase A (RHA) as a new protein important for transcriptional silencing in the C. elegans gonad. RHA is conserved in Drosophila, mice, cows, and humans (Kuroda et al., 1991; Lee and Hurwitz, 1993; Zhang et al., 1995; Lee et al., 1998) . These RHA orthologs have a variety of functions in transcription regulation. Drosophila RHA (called maleless, MLE) is part of the fly dosage compensation complex (DCC) consisting of numerous proteins, including the histone acetyltransferase Mof, and the non-coding RNAs roX1 and roX2 (Lucchesi, 1998; Franke and Baker, 2000; Kelley and Kuroda, 2000; Meller and Kuroda, 2002) . Human RHA binds to another acetyltransferase, CBP (CREB binding protein) (Nakajima et al., 1997) , and to the nuclear transcription factor NF-kB (Tetsuka et al., 2004) , and RHA interacts with TAP and Sam68 to export RNA from the nucleus (Reddy et al., 2000; Tang and Wong-Staal, 2000) .
A temperature-sensitive alteration in transcription regulation by rha-1 causes a variety of defects in the C. elegans germline. Hermaphrodite and male worms homozygous for a rha-1 deletion have defective chromatin organization, with aberrant DNA morphology and patterns of histone tail modifications, including defects in spermatogenesis-specific X chromosome regulation. These defects in transcription regulation result in a temperature-dependent sterile phenotype in the rha-1 mutants caused by reduced germ cell mitosis and defective meiosis. Our results demonstrate that RHA-1 is important for transcription regulation mechanisms in the germline and suggest that its function is conserved in a wide range of organisms.
Results

rha-1 Gene structure
One predicted C. elegans protein (GI: 3913436; Accession: Q22307; T07D4.3), RHA-1, is homologous to human RHA along its entire length. RHA-1 is w60% similar to both human RHA and Drosophila maleless (MLE) and contains the highly conserved ATP hydrolysis (ATPase) and RNA binding motifs found in DEAD/DExH helicases (Gorbalenya and Koonin, 1993) . RHA-1 is a member of the DExH family of helicases because it contains the signature amino acid sequence Asp-Glu-Ile-His. RHA-1 also contains three RNA binding motifs: two doublestranded RNA binding motifs (dsRBMs) on the N-terminus and an RG-rich region on the C-terminus (Fig. 1) . RHA-1 has numerous classical monopartite nuclear localization signals that are rich in basic amino acids (reviewed in Imamoto, 2000) . The original predicted rha-1 open reading frame included two exons upstream of the conserved region of rha-1 (Fig. 1) . To determine if these exons are expressed in C. elegans, we performed 5 0 -RACE (rapid amplification of cDNA ends) and found that the start of exon 3 is transspliced to a variety of splice leader (SL) sequences including SL2, SL3 (identified in multiple RACE clones), SLa, and SLb ( Fig. 1 ; nomenclature from Ross et al., 1995) . The first AUG in the mature mRNA is at the start of exon 3, resulting in an open reading frame encoding 1301 amino acids. Numerous cDNA clones for rha-1 have been obtained by Dr Yuji Kohara's laboratory, and they are all consistent with the predicted exons 3-17 described at Wormbase (www.wormbase.org, release WS98). These results define the mRNA expressed from rha-1 in C. elegans and the resulting RHA-1 protein sequence.
rha-1 Deletion mutant
In order to examine the function of RHA-1 in worms, we obtained the strain rha-1(tm329) containing a 1059 bp deletion in rha-1 from the C. elegans Gene Knockout Consortium. This deletion starts in the middle of exon 4 and is out of frame after the deletion (Fig. 1) suggesting that the rha-1(tm329) mutants produce no functional RHA-1 protein. The results of numerous genetic tests (described below) suggest that the mutation creates a genetic null.
rha-1 Expression pattern
We performed in situ hybridizations to determine where rha-1 is expressed in both wild type and rha-1(tm329) mutant worms. Fig. 2 shows that rha-1 is expressed in the pachytene region of the gonad and in the oocytes. Although the probe used for the in situ hybridizations anneals to both the wild type and mutant rha-1 transcripts, no signal was observed in the mutants (Fig. 2D) . Quantitative RT-PCR (qRT-PCR) reactions were also performed on wild type, rha-1(tm329), and glp-4(bn2ts) worms (Fig. 3) . The latter strain develops with a very small, underproliferated gonad at the restrictive temperature of 25 8C (Beanan and Strome, 1992 ). Our results demonstrate that rha-1 expression is strongly enriched in the germline since little rha-1 mRNA was detected in glp-4 worms synchronized with the L4-young adult wild-type worms. In agreement with the in situ results, rha-1 transcripts are reduced in the rha-1(tm329) mutants, presumably due to nonsense mediated mRNA decay pathways activated by the interior stop codon introduced by the deletion (reviewed in Maquat, 2004) . The qRT-PCR data also show that rha-1 transcript levels are highest in L1 and L4-young adult worms, consistent with the maternal effect phenotype (demonstrated below). Finally, our results are consistent with data from a public expression database (Nematode Expression Pattern Database, NEXTDB) showing germline expression of rha-1 in larval and adult worms (Y. Kohara, unpublished; http:// nematode.lab.nig.ac.jp/cgi-bin/db/ShowGeneInfo. sh?celkZCELK01100).
Germline transcription regulation
To determine if rha-1 is involved in transcription regulation, we used a repetitive transgene in an extrachromosomal array (pBK48.1) that is normally transcriptionally silenced in the C. elegans germline (Kelly et al., 1997) . We generated a worm strain containing a homozygous rha-1(tm329) mutation and carrying an extra-chromosomal Fig. 2 . Expression of rha-1. In situ hybridizations were performed on wild type (A-C) or rha-1(tm329) (D) hermaphrodite gonads using sense (C) or anti-sense (A,B,D) probes from the rha-1 gene. The rha-1 gene appears to express in the oocytes and possibly the pachytene region. Scale bar: 20 mm. Fig. 3 . Quantitative RT-PCR of rha-1. qRT-PCR was performed on either mRNA or total RNA, as indicated. RNA samples were quantitated using UV absorbance. The number of copies of rha-1 in the samples was determined using a plasmid containing a cDNA copy of rha-1 as a standard. The glp-4(bn2) worms were grown synchronously to the young adult stage at 25 8C to prevent proliferation of the gonad. All other worms were grown at 20 8C. YA: young adult. Bar shows mean values, and the errors bars show one s.e.m.
array encoding GFP-tagged let-858 and its constitutive promoter (Kelly et al., 1997) . In wild-type or rha-1(tm329) worms grown at 20 8C, this array is silenced in the germline but, in contrast to wild-type animals, becomes desilenced in the offspring of rha-1(tm329) worms grown at 25 8C (Table 1 , Fig. 4D ). The change in GFP expression is likely due to changes in transcription and not a downstream process, since gfp mRNAs were readily detected at 258 by in situ hybridization, but not at 158 (Fig. 4E,F) . These results suggest that RHA-1 is involved in proper transcriptional silencing in the germline but do not rule out a role in mRNA instability.
To test if desilencing of the gfp gene is accompanied by changes in histone modifications on the transgene array, hermaphrodites containing the extrachromosomal array were grown at 158 or 25 8C, and the chromatin was stained In situ hybridizations using an antisense gfp probe are shown in rha-1(tm329) worms grown at 15 8C (E) and 25 8C (F). (G-I) L4 hermaphrodites carrying a repetitive extrachromosomal transgene array, pBK48.1, were raised at 15 8C or shifted to 25 8C, and hermaphrodite ovaries were dissected, fixed and stained with anti-H3dimethylK9 (green) and counterstained with DAPI (red). Wild-type worms (G) and rha-1(tm329) worms grown at 15 8C (H) show the expected H3meK9 staining on the extrachromosomal array (arrows), while rha-1(tm329) worms grown at 25 8C (I) have only sporadic, non-DNA-associated antibody staining near some nuclei (asterisks in I). Germ cells shown are in the pachytene region of the gonad. Scale bars in A-F: 20 mm, in G-I: 5 mm.
for H3meK9 ( Fig. 4G-I ). Wild type worms grown at 25 8C and rha-1(tm329) worms grown at 15 8C contained the expected heterochromatin mark on the silenced extrachromosomal array ( Fig. 4G,H ), but rha-1(tm329) worms grown at the restrictive temperature did not contain this modification (Fig. 4I ). The latter worms were also stained for H3meK4 to determine if the extrachromosomal array was now stained for this activating histone modification. The loss of heterochromatin structure on the extrachromosomal array in the mutants caused the array to appear more diffuse and made it difficult to identify either by DAPI or the characteristic absence of H3meK4, suggesting that both H3meK4 addition and structural defects had resulted (data not shown). These results strongly suggest that the increased gfp mRNA detected from the array at 258 (Fig. 4F ) is the result of transcriptional de-repression.
To further test for transcription regulation defects in endogenous loci, we stained chromatin in rha-1(tm329) worms with antibodies directed against a variety of histone modifications with known chromosomal distributions (Fong et al., 2002; Kelly et al., 2002; Reuben and Lin, 2002) . In normal male meiosis, the unpaired X never accumulates the activating histone modification H3meK4 at any stage, and is transiently enriched with the heterochromatin mark H3meK9 during pachynema (Kelly et al., 2002) . In rha-1(tm329) males raised at 16 8C, the unpaired X was readily distinguished by its uniquely condensed structure and striking lack of H3meK4 ( Fig. 5A-C) . In males raised at 25 8C, however, many nuclei showed at least partial H3meK4 staining of what appeared to be a partially condensed X chromosome ( Fig. 5D-F ). In addition, many nuclei did not exhibit either a hyper-condensed chromosome or a chromosome lacking H3meK4 (Fig. 5G-J ). This was also observed for H4acetylK8 and acetylH3 (not shown). In most males raised at 25 8C there was no appreciable enrichment for H3meK9 observed in any of the few nuclei in the gonads (not shown); however, this may have been a secondary consequence of failure to progress to later meiotic stages (discussed below), since H3meK9 accumulation on the male X normally occurs in the late pachytene stage (Kelly et al., 2002) .
In hermaphrodites, the patterns of histone modifications on rha-1(tm329) chromosomes at 15 8C were similar to those found in wild-type worms (Kelly et al., 2002) . Specifically, the autosomes contained primarily activating histone modifications, such as H4acetylK8, 12, 16 and H3meK4, while the X chromosome was depleted for these marks ( Fig. 6A and C arrows and data not shown). F1 offspring of L4 larvae shifted to 25 8C, however, exhibited nuclei with abnormally condensed chromosome Fig. 5 . Temperature-sensitive X chromosome defects in rha-1(tm329) males. L4 stage males and hermaphrodites grown at 15 8C were mated, or shifted to 25 8C and mated. F1 male offspring were harvested as adults, dissected, and their testes fixed and stained with anti-H3dimeK4 (green), and counterstained with DAPI (red). Panels A-C show pachynema germ cells from a male maintained at 15 8C. Panels D-E show pachynema germ cells from a male raised at 25 8C. Arrows in A-F point to fully or partially condensed X chromosomes. Panels G-H show several focal plane images through a single pachynema cell from a 25 8C male in which all chromosomes stained with the antibody. Scale bars: 5 mm. morphology and defects in chromatin modifications were frequently observed (Fig. 6B,D) . Some nuclei contained highly condensed DNA that was often concentrated around the outside of the nucleus ( Fig. 6B,D ; arrowheads). These condensed nuclei lacked most activating histone modifications (expected to be on autosomes) and may be necrotic (Ranganath and Nagashree, 2001) . In severely affected hermaphrodites, abnormal chromosome morphology was observed in most nuclei, with varying degrees of abnormal modification patterns (data not shown). These results suggest that the absence of RHA-1 results in a temperature-dependent disruption of normal chromatin organization, which likely has profound effects on transcriptional regulation in the germline.
Germline phenotype characterization
To determine the consequences of these defects in germline transcription regulation on development, we grew wild-type and rha-1(tm329) worms under a variety of conditions. C. elegans worms are normally cultured at 16-25 8C, although brood size can decrease as conditions approach 26 8C. At 16-17 8C, the rha-1(tm329) strain appears wild-type, and homozygous mutant worms produce the same number of offspring at 17 8C as wild-type worms (Table 2) . At 16 8C, rha-1(tm329) males were morphologically indistinguishable from wild-type males and had normal mating behavior and fertility (data not shown). Mutant hermaphrodites grown at 208 were delayed in laying eggs by about 4 h compared to wild-type worms (data not shown), and mutant males and hermaphrodites grown at 25-26 8C are mostly sterile (Table 2 : Note that wild-type worms still produce a large number of offspring at 26 8C; Table 3 ). The worms shown in Figs. 7 and 8 were grown at 25.5 8C to maximize the rha-1(tm329) germline phenotype while preventing nonspecific effects that can occur at temperatures above 26 8C. We concentrated our studies on L4-young adult worms to analyze the rha-1(tm329) phenotype before secondary defects could accumulate and Worms at the L4 stage were transferred from 16 8C to the temperature indicated, and their offspring were plated singly and maintained at the same temperature. The total number of offspring from each worm was counted. The genotype of all worms in the maternal effect experiment was determined using duplex PCR after they stopped laying eggs. For the maternal effect tests, if the mother was mutant or wild-type, it is denoted as M-or MC respectively. If the offspring (zygote) was mutant or wild-type, it is denoted Z-or ZC, respectively. For example, a homozygous mutant offspring from a heterozygous mother is denoted MCZ-. a Average number of offspring from fertile worms only. b These worms, which were the offspring of wild-type hermaphrodites mated to heterozygous mnDf69/mnC1 males, also laid dead embryos. The reduced fertility of the C/mnDf69 worms are consistent with previous results showing reduced fertility of heterozygous worms containing deletions in the region LG II 0.79-0.85 (T. Johnson, personal communication). Note that mnDf69 deletes LG II 0.83-1.17, and that rha-1 is at LG II 0.92.
c These worms were the offspring of rha-1(tm329) hermaphrodites mated to mnDf69/mnC1 males. No other gross morphological or behavioral defects were observed in the mutants besides those found in the germline (data not shown). We tested if the rha-1(tm329) mutants have a maternal effect phenotype and found that wild-type maternal or zygotic rha-1 could partially rescue the sterile phenotype ( Table 2 ). The maternal requirement of rha-1 is consistent with the germline rha-1 expression pattern discussed above and with the lack of somatic defects in the rha-1(tm329) mutants.
We further tested the phenotype by constructing heterozygous worms containing the rha-1(tm329) deletion and a larger deletion (mnDf69) encompassing rha-1 and neighboring genes (Sigurdson et al., 1984) . These worms have a similar germline-specific defect at 25.5 8C ( Table 2 ), demonstrating that decreasing the dosage of the mutant rha-1 gene does not introduce new phenotypes or intensify the sterile phenotype. (However, note that this test is somewhat compromised by the fact that wild type worms heterozygous for mnDf69 have reduced fertility as shown in Table 2 ). In other experiments, worms heterozygous for rha-1 produced the same number of offspring as wild-type worms at 25.5 8C ( Table 2 ), demonstrating that the rha-1(tm329) mutation is completely recessive. These results, along with the molecular characterization of the deletion, are all consistent with rha-1(tm329) being a null allele.
Mutant hermaphrodite and male gonad development
To analyze the germline defects at the restrictive temperature, we compared fixed, DAPI-stained hermaphrodite and male gonads from wild-type and mutant worms grown at 25.5 8C. Most of the mutant gonads were very small compared to wild-type gonads (Figs. 7 and 8) , and some contained germ cells with abnormal nuclear morphologies similar to those seen in Fig. 6 . The mutant gonads exhibited normal levels of germ cell apoptosis Worms were allowed to mate at the temperature indicated, and the offspring were counted. All worms (except fem-1(e1991) unc-22(s12) and dpy-5, which were grown at 16 8C) were grown at 25.5-26 8C before performing the mating experiments. N is the number of matings performed. (data not shown). Most gonads contained no gametes (Figs. 7C,G and 8C,G), consistent with the sterile phenotype discussed above. Wild-type gonads contained large numbers of sperm and developing oocytes when grown under the same conditions (Figs. 7A,E and 8A,E). Although dissected hermaphrodite and male gonads contained similar defects, the males were less fertile than the hermaphrodites since most males were sterile in mating experiments while hermaphrodites were w15-20% fertile (Table 3) . Therefore, the absence of RHA-1 appears to affect germline pathways found in both sexes, but males seem to be more dependent on RHA-1 than hermaphrodites.
Mitosis in mutant gonads
To identify germline developmental stages affected by the lack of RHA-1, we looked at two important processes: germ cell proliferation and meiosis. To measure germ cell proliferation in the rha-1(tm329) mutants, we stained fixed, dissected gonads from synchronized hermaphrodites and males with an antibody directed against phosphorylated serine 10 on histone H3 (PS10H3) (Fig. 7) , which is a mitosis and late meiosis marker (Hans and Dimitrov, 2001) . At 16 8C, wild-type hermaphrodite gonad arms contained 3.9G0.5 (meanGsem, nZ31) PS10H3 positive cells, while mutant hermaphrodite gonads contained 5.5G0.5 (nZ31) stained cells. The similar number of mitotic cells in both strains was expected, since both strains produced the same number of offspring at 17 8C (Table 2 ). In synchronized worms grown at 25.5 8C, wild-type hermaphrodite gonad arms contained 4.8G0.5 (nZ25) PS10H3 positive cells, and mutant gonads contained 1.7G0.3 (nZ35, P!10 K4 , Wilcoxon Rank Sum test) PS10H3 positive cells (Fig.  7B,D) . Similar differences in mitotic cells were observed in the male testes (Fig. 7F,H) . These results, together with those described above, strongly suggest that the decreased number of germ cells in the rha-1(tm329) mutants grown at the restrictive temperature is due to combined defects in mitotic proliferation and possibly increased necrosis of germ cells.
Meiosis and gamete production in rha-1(tm329) gonads
The PS10H3 antibody binds to chromatin during late meiosis, as shown by the staining of spermatocytes and oocytes in wild-type gonads (Fig. 7B,F) . No germ cell staining is visible in the proximal end of rha-1(tm329) gonads (Fig. 7D,H) , suggesting that late meiosis does not occur in the mutants. To check for earlier meiotic stages, we used an antibody against a meiosis-specific protein, HIM-3. This protein is part of the meiotic chromosome synaptonemal complex and initially binds to chromosomes in the transition zone of the gonad (Zetka et al., 1999) . In wildtype worms and in rha-1(tm329) worms grown at 16 8C, HIM-3 remains associated with chromosomes throughout the rest of meiosis in the proximal gonad (Fig. 8B,F and data not shown). In rha-1(tm329) mutant hermaphrodite and male worms grown at 25.5 8C, we observed anti-HIM-3 staining on chromosomes near the middle of the gonad, but the staining was not detected in proximal nuclei (Fig. 8D,H) . This suggests that meiosis can initiate but cannot be maintained or normally proceed in the rha-1(tm329) mutants.
Meiosis begins before gamete production, and no gametes are visible in the young adult mutant gonads shown in Figs. 7 and 8. In wild-type hermaphrodite worms synchronized with mutant worms at 25.5 8C, sperm production was finishing and oocytes were beginning to mature (Figs. 7A and 8A) , and male testes were producing numerous sperm (Figs. 7E and 8E) . Therefore, the mutant gonads were severely retarded in, or incapable of, gamete production. We tested whether older hermaphrodites ever produce functional oocytes by mating young mutant hermaphrodites with wild-type males for several days, but these mated hermaphrodites were still mostly sterile ( Table  3 ), demonstrating that the mutants have defective, and not just delayed, gamete production.
Meiosis defects in the rha-1(tm329) mutants were evident at the higher temperature even after the germline was established. Mutants shifted to 25 8C at the L4 stage have a Him phenotype (producing 1.4G0.9% males compared to 0.4G0.2% for wild-type), which is indicative of a chromosome non-disjunction defect (Hodgkin et al., 1979; Kemphues et al., 1988) . In addition, these shifted mutants laid 9G4% dead embryos (compared to 1.5G0.8% for wild-type worms). In the reverse experiment, rha-1(tm329) worms down-shifted at the L4 stage remained sterile (83% sterile, NZ48), demonstrating that the germline defects were permanent. In contrast, wild-type worms were unaffected by larval development at 25.5 8C, since wild-type worms down-shifted at the L4 stage were all fertile and laid almost the same number of eggs as wild-type worms maintained entirely at 16 8C (234G18 offspring produced, NZ10; compare with results in Table 2 ).
Discussion
Our results suggest that RHA-1 is involved in transcription regulation processes required for C. elegans germline development, especially germ cell proliferation and meiosis. We have direct evidence that transcriptional desilencing occurs in mutant hermaphrodites at the restrictive temperature. The normally silenced repetitive extrachromosomal array loses the heterochromatin mark H3meK9 in the mutants (Fig. 4I) , and the structure of the array becomes more diffuse. This change in chromatin structure is accompanied by an increase in abundance of gfp mRNA and an increase in GFP fluorescence in the mutants (Fig. 4) . This change in expression occurs in the germline where rha-1 is expressed (Figs. 2 and 3) . Since RHA-1 has several classical nuclear localization signals, rha-1 is likely to have a direct role in silencing the array. In male testes, the X chromosome is similarly desilenced in the mutants and accumulates the activating histone modification H3meK4 (Fig. 5) . This defect results in a sterile phenotype (Figs. 7 and 8 and Table 3) .
We have indirect evidence that rha-1 may play a role in other histone modifications, although a specific role is difficult to determine. In mutant hermaphrodites at the restrictive temperature, chromatin structure is abnormal, and some autosomes lack H4AcK8 and H4AcK16 (Fig. 6) . However, the nuclei with the least acetylation have the most abnormal chromatin structure, suggesting that there may be general degradation or necrosis of these germ cells. Therefore, we do not know if this is a direct effect of the loss of rha-1. In general, the most parsimonious conclusion to be drawn is that loss of RHA-1 function results in temperature-sensitive defects in numerous aspects of germline chromatin regulation. These chromatin defects affect mitosis and meiosis. Since rha-1 is expressed during meiosis and gametogenesis (Figs. 2 and 3) , it is possible that RHA-1 has a direct role in these processes, but the complex phenotype of the rha-1(tm329) mutants makes this difficult to determine.
The involvement of RHA-1 in transcription regulation is similar to the function of RHA orthologs in flies and humans. Specifically, MLE is required for the assembly and stability of the dosage compensation complex (DCC) (Gu et al., 1998 (Gu et al., , 2000 Meller et al., 2000a ) that includes the histone acetyltransferase Mof (Hilfiker et al., 1997) , the MSL (male-specific lethal) proteins (Belote and Lucchesi, 1980b; Uchida et al., 1981) , and the untranslated RNAs roX1 and roX2 (Amrein and Axel, 1997; Meller et al., 1997; Franke and Baker, 1999) . This DCC complex is required for increasing transcription from the single male X chromosome in Drosophila to equalize its expression with that of the two female X chromosomes (Mukherjee and Beermann, 1965; Belote and Lucchesi, 1980a; Chiang and Kurnit, 2003) . Human RHA similarly interacts with a histone acetyltransferase, CBP (CREB binding protein) (Nakajima et al., 1997) , a protein required for cAMP-induced gene activation (Chrivia et al., 1993) .
The involvement of RHA-1 in silencing is somewhat different from the transcription activation roles of the RHA-1 orthologs. Transcriptional silencing can be caused directly by the formation of heterochromatin. In C. elegans, some mutants that desilence transgenes in the germline also exhibit defects in transposon silencing in this tissue (Ketting et al., 1999; Tabara et al., 1999) . Interestingly, several of these mutants are also defective in dsRNAmediated post-transcriptional silencing (RNA interference or RNAi) in germ cells. It has recently been demonstrated that components of the RNAi machinery are essential for heterochromatin assembly in fission yeast, plants, and flies (reviewed in Schramke and Allshire, 2004) . The temperature-sensitive chromatin assembly defects we observe in rha-1(tm329) mutants would be consistent with a role for RHA-1 in bridging RNAi with heterochromatin assembly in germ cells. Indeed, recent RNAi experiments suggest this may be the case (K. Walstrom and W. Kelly, unpublished results) .
Transcriptional desilencing may also be caused indirectly. For example, C. elegans MES-4 is a protein found on transcriptionally active autosomes but not the silenced X-chromosome. MES-4 appears to prevent or restrict transcriptional silencing by the MES-2, 3, 6 complex on the autosomes (Fong et al., 2002) , yet the absence of MES-4 causes transcriptional desilencing of repetitive transgenes (Kelly and Fire, 1998) . This could be explained by a dilution of the silencing factors from the array by their localization to ectopic autosomal regions in the absence of MES-4. A similar mechanism appears to control silencing at telomeres and the ribosomal RNA gene array in yeast. Most histone H3 in yeast cells is methylated by Dot1 on K79 (Van Leeuwen et al., 2002) , and this methylation restricts the localization of the SIR silencing complex to specific locations on yeast chromosomes (San-Segundo and Roeder, 2000; Van Leeuwen et al., 2002) . In the absence of Dot1, SIR complexes redistribute on the chromosomes, causing a reduction in silencing at the normally silenced loci. The loss of RHA-1 function could cause a similar 'dilution effect' among loci normally inactive during meiosis, with a temperature-dependent weakening of residual silencing unstably maintained by parallel processes. This could explain why the phenotypes observed in the deletion mutant are only manifested at 25 8C, a temperature that poses few problems to wild-type animals.
Alternatively, RHA-1 may participate in a protein complex or protein-RNA complex, similar to the Drosophila DCC, that is stable at lower temperatures, even in the absence of RHA-1, but that becomes unstable at higher temperatures in the absence of individual components. This stabilizing function could be similar to the stabilizing function of MLE in the DCC. For example, MLE protein is required for the assembly of the DCC (Gu et al., 1998; Meller et al., 2000b) . While mutated MLE allows formation of the DCC, the ATPase activity of MLE is required for recruitment of the roX1 and roX2 RNAs and for spreading of the DCC along the male X chromosome (Gu et al., 2000) . However, the loss of MLE does not cause a temperaturedependent phenotype in male flies. Mutations in MLE are lethal to male flies, and the time at which the males died (larval or pupal stage) was determined by the genotype of the mother, demonstrating a maternal effect (Tanaka et al., 1976) . This establishes another similarity between the phenotype of mle mutants and rha-1(tm329) mutants. The maternal effect phenotype in worms is also consistent with the expression of rha-1 in the oocytes and L1 larvae (Figs. 2 and 3) .
We considered that other proteins could compensate for rha-1 function and suppress the phenotype. For example, mutations in glh-1, glh-4, or pgl-1 cause a temperaturedependent defect in germline proliferation leading to sterility (Gruidl et al., 1996; Kawasaki et al., 1998; Kuznicki et al., 2000) . These RNA-binding proteins are localized to protein-and RNA-containing P-granules, or polar granules, that define germline precursor cells in the larvae and that surround germ cell nuclei throughout germline development Wood, 1982, 1983; Wolf et al., 1983; Schisa et al., 2001) . We observed normal P-granule staining with an antibody against PGL-1 in mutant worms grown at 16 and 25.5 8C (K. Walstrom, unpublished observations). Antibodies against GLH-1 also stain P-granules normally at 16 8C in the mutants, but GLH-1 is degraded and normally present at reduced levels at 25.5 8C (K. Bennett, personal communication and K. Walstrom, unpublished observations). Therefore, both of these proteins could compensate for RHA-1 function at the lower temperatures, but there is no evidence that either protein plays a role in chromatin modification. Another germline helicase, CGH-1, protects germ cells from apoptosis (Navarro et al., 2001 ). We did not observe a change in apoptosis in the rha-1(tm329) mutants.
The function of rha-1 is similar to that of other genes that cause desilencing of repetitive arrays and germline defects, further supporting the relationship between transcription regulation and germline development. Mutations in mes genes cause desilencing of repetitive gene arrays (Kelly and Fire, 1998) and a maternal-effect sterile phenotype (Capowski et al., 1991; Paulsen et al., 1995; Garvin et al., 1998) . The function of rha-1 appears to be more general that that of the mes genes, since mes mutant phenotypes increase with X chromosome dosage (Garvin et al., 1998) but the rha-1 deletion affects both XX hermaphrodites and XO males (Figs. 7 and 8) . In fact, the rha-1(tm329) males are less fertile than the hermaphrodites (Table 3 ), suggesting that the desilencing of the X chromosome causes a more severe phenotype in the XO males. Elimination of Histone H1.1 by RNAi also results in germline desilencing of repetitive gene arrays and mes mutant-like phenotypes (Jedrusik and Schulze, 2001) , demonstrating a general relationship between histone regulation, proper germline transcriptional silencing, and normal germ cell function.
RHA-1 appears to have a conserved role in transcriptional regulation. The lack of RHA-1 in worms causes a disruption in germline transcriptional silencing and histone modifications, which consequently causes a variety of germline developmental defects. These defects include reduced germ cell proliferation and failure to progress through meiosis, which result in the production of few gametes. These organ-specific defects are in contrast to the lethal phenotype seen in male flies lacking MLE and in mice lacking RHA (Tanaka et al., 1976; Lee et al., 1998) . In general, dosage compensation mechanisms have little overlap between different species, consistent with an evolved adaptation of different pre-existing mechanisms within each species to achieve similar goals. If RHA-1 proves to be involved in a transcription regulation complex, this could constitute a highly conserved mechanism found in worms, flies, and humans that may have been co-opted for dosage compensation in male flies.
Experimental procedures
4.1. Strains C. elegans animals were maintained using standard procedures (Brenner, 1974; Lewis and Fleming, 1995; Stiernagle, 1999) . All strains were derived from the wildtype Bristol strain N2. Strains containing the following mutations or rearrangements (described in (Hodgkin, 1997) or the references listed below) were used in these experiments: LGI, dpy-5(e61), glp-4(bn2ts); LGII, rha-1(tm329) (described below), unc-4(e120), mnDf69 (Sigurdson et al., 1984) , mnC1 (Herman, 1978) , unc-52(e444), mInH1(myo-2:GFP); and LGIV, fem-1(hc17ts), fem-1(e1991) and unc-22(s12). Strains were obtained from the Caenorhabditis Genetics Center unless noted otherwise.
rha-1(tm329)II
The rha-1(tm329) strain containing a 1059 bp deletion (eliminating nt 19357-20415 or 19358-20416 , with numbering based on GI: 2652952 for C. elegans cosmid T07D4) in rha-1 was obtained from the C. elegans Gene Kockout Consortium as a homozygous mutant. The deletion in the cDNA is 851 bp. We independently confirmed the deletion by sequencing a PCR product that spans the deletion. The oligonucleotides used for this procedure were 2221 (5 0 -GGCTACACTGCTTTCGGAAATTCC) and 3784 (5 0 -ATTCGCAGCAAGACTCCAACAG). The PCR reactions and backcrossing (8 times) were performed as described in the C. elegans Gene Kockout Protocols from Dr Michael Koelle's laboratory (http://info.med.yale.edu/mbb/koelle/). The rha-1(tm329) strain was fertile as a homozygous mutation and maintained at 15-20 8C. The genotype of all worms involved in backcrossing was determined using single worm duplex PCR reactions contained three oligonucleotides. Oligos 2221 and 3784 produced a 527 bp product in rha-1(tm329) worms. Oligos 3430 (5 0 -TCAAGCGAGGTGAAGCACTTGAC) and 3784 produced a 377 bp product in wild-type worms. Heterozygous worms produced two PCR products.
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0 -RACE, RT-PCR, and quantitative RT-PCR Total RNA was isolated using Trizol (Invitrogen) from wild-type, rha-1(tm329), or synchronized young adult glp-4(bn2) worms. Reverse transcription was performed using oligo 534R (5 0 -GTCGGAATATCACTCTGTTG). 5 0 -RACE was performed using the FirstChoice RLM-RACE kit (Ambion). The outer and inner RHA-1-specific PCR primers were 534R and 438R (5 0 -TTTCCGAAAGCAGTG-TAGCC), respectively. For quantitative RT-PCR, reverse transcription was performed using oligo 336 (5 0 -GTTGCCATCTTCTCCACCAC), PCR was performed with oligos 336 and 177 (5 0 -TGCTACCAATGCTGCT-CAAG), and the probe was 282 (5 0 -[6-FAM]CACGTGG-CAAGATTCTGAAA[TAMRA-6-FAM]). Copy number was determined using a standard curve based on serial dilutions of plasmid containing the complete rha-1 cDNA sequence. The RNA concentration of each sample was determined using UV absorbance.
Mating experiments
Males containing the rha-1 deletion were generated (Hodgkin, 1999) . All mating experiments were performed with 1-2 hermaphrodites and 5 males (26 8C) or 3 hermaphrodites and 5 males (25.5 8C) on 3.5 cm dia. petri dishes containing NGM agar (Brenner, 1974) spread with 1 cm dia. OP50 bacteria.
Worm fixation and immunocytochemistry
Dissected worms were fixed in formaldehyde (Francis et al., 1995) and stained in block (PBS (Sambrook et al., 1989) containing 3% bovine serum albumin (BSA) and 0.1% Tween 20) at 4 8C with the following primary antibodies: anti-HIM-3 rabbit antibody diluted 1:700 (a gift from Dr Monique Zetka) and anti-phospho-histone H3 (S10) diluted 1:100 (Upstate Biotechnology). Samples were incubated with 1:3000 dilutions of goat anti-rabbit Alexa Fluor 488 antibody (Molecular Probes). Worms were observed using a Leitz Laborlux S fluorescent microscope equipped with a 50 Watt mercury lamp and photographed using a Kodak DC290 Zoom digital camera and the Kodak MDS 290 software. Staining with antibodies against histone modifications was performed as described previously (Kelly et al., 2002) .
Cell death assays
Cell corpses were stained using acridine orange as described (Navarro et al., 2001 ).
Germline desilencing assays
Strain PD7291, which carries a repetitive extra-chromosomal transgene array [Ex:pBK48.1(let-858::gfp);pRF4(rol-6)] (Kelly et al., 1997) , was crossed with rha-1(tm329) to generate a strain with both the array and the tm329 deletion. The strain was maintained at 16 8C. L4 larvae were shifted to either 20 or 25 8C, and their progeny were assayed for GFP expression in germ cell nuclei by fluorescence microscopy, using a Leica DMRA microscope outfitted with a Sensicam CCD camera. Images were acquired and processed using VolumeScan (Vaytek) and ImagePro Plus (Media Cybernetics) software, respectively.
In situ hybridizations
Single-stranded sense and antisense probes labeled with digoxigenin-11-dUTP were generated for rha-1 by asymmetric PCR from the full length cDNA cloned in pACTII. Similarly, an antisense probe for GFP was generated by asymmetric PCR from Fire lab vector pPD128.110. Dissected gonads from adult wild type (N2), rha-1(tm329), and rha-1(tm329) worms carrying a repetitive extra-chromosomal transgene array [Ex:pBK48.1(let-858::gfp);pRF4(rol-6)] (Kelly et al., 1997) , were fixed and processed as described elsewhere (Iwasaki et al., 1996; Kuwabara et al., 2000) . Images were captured from an Olympus BX61 microscope using the MagnaFire 2.0 digital imaging system and processed with Adobe Photoshop 7.0.
